Heart failure is a common disease and has been increasing worldwide [@bib1], [@bib2]. Despite advances in the treatment of heart failure, patients with heart failure are faced with a poor prognosis [@bib3]. Cardiac remodeling, characterized by cardiac hypertrophy and fibrosis, is closely associated with the development of heart failure and death [@bib4], [@bib5]. It is well known that neurohumoral activation such as angiotensin II (Ang II) is one of the major risk factors for pathological cardiac remodeling and subsequent heart failure [@bib6]. However, treatment that is able to sufficiently suppress pathological cardiac remodeling has not been established yet.

High-mobility group box 1 (HMGB1) is an abundant chromatin-associated nuclear nonhistone binding protein, which has various functions in maintaining cellular homeostasis [@bib7], [@bib8]. HMGB1 translocates to extracellular from intracellular under various stress situations, and acts as a damage-associated molecular pattern (DAMP) that triggers several inflammatory responses [@bib9], [@bib10]. Extracellular HMGB1 was reported to cause cardiac hypertrophy and promote myocardial ischemia or reperfusion injury and inflammation [@bib11], [@bib12], [@bib13]. In contrast, intracellular HMGB1 plays roles in maintaining nucleosome structure, regulating gene transcription, replication, and DNA repair [@bib7], [@bib8]. Recently, it was reported that intracellular HMGB1 has a more important role in cell fate than extracellular HMGB1 during some inflammatory diseases since ablation of nuclear HMGB1 worsens disease condition [@bib14], [@bib15], [@bib16]. We previously reported that cardiac nuclear HMGB1 prevents cardiomyocyte deoxyribonucleic acid (DNA) damage in a pressure overload heart failure mouse model [@bib17]. However, the molecular mechanism underlying the antihypertrophic effect of cardiac nuclear HMGB1 has not been fully elucidated.

Various types of stress cause cellular DNA damage, and the DNA damage response (DDR) is induced immediately after DNA damage to repair it [@bib18]. Activation of the DDR occurs after excessive DNA damage and is reported to be observed in end-stage failing human hearts [@bib19]. Moreover, previous studies have revealed that DDR activation plays a crucial role in development of cardiac remodeling after myocardial infarction and cardiac hypertrophy [@bib20], [@bib21].

We hypothesized that cardiac nuclear HMGB1 suppresses pathological cardiac remodeling through inhibition of DDR activation.

Methods {#sec1}
=======

A detailed description of all experimental procedures is provided in the [Supplemental Appendix](#appsec1){ref-type="sec"}.

Human studies {#sec1.1}
-------------

This study included 27 patients with heart failure and 5 control patients who were assessed to rule out cardiomyopathy and had normal cardiac function. Written informed consent was obtained from all patients before entry into the study. The protocol was performed in accordance to the Helsinki Declaration and was approved by the human investigations committee of our institution. Biopsy samples were immediately washed in phosphate-buffered saline before being snap-frozen in liquid nitrogen for immunofluorescent co-staining and biochemical measurements. Immunofluorescence was performed to evaluated the expressions of cardiac nuclear HMGB1, phosphorylation of ataxia telangiectasia mutated (p-ATM), and γ-H2AX in failing (n = 5) and normal human hearts (n = 5). The heart sections were stained with hematoxylin and eosin to assess cardiomyocyte diameter (MyD). The degree of collagen volume fraction (CVF) was assessed by Masson's trichrome staining as previously described [@bib22]. Blood samples were obtained to measure brain natriuretic peptide (BNP) levels. Correlations between nuclear HMGB1 levels and MyD, CVF, and serum BNP levels were assessed (n = 32).

Animal models {#sec1.2}
-------------

Cardiac hypertrophy was induced in 10- to 12-week-old mice with cardiac-specific overexpression of HMGB1 (HMGB1-Tg) and their wild-type (WT) littermates by chronic infusion of Ang II (1.5 mg/kg/day) or saline as previously described [@bib23]. For ATM inhibitor experiments, KU55933 (5 mg/kg) or vehicle was injected intraperitoneally to HMGB1-Tg mice at 2, 5, 8, and 11 days after Ang II infusion. After 2 weeks, blood pressure, cardiac function, and dimension were measured. The hearts were removed for examination of histological changes and biochemical analysis of various protein expression levels.

Echocardiography determination {#sec1.3}
------------------------------

Transthoracic echocardiography was performed before and after Ang II infusion under anesthesia as previously described [@bib24]. Left ventricular diastolic dimension (LVDd), left ventricular systolic dimension (LVDs)**,** interventricular septum diameter (IVSd), posterior wall diameter (PWd), left ventricular fractional shortening (FS), and the transmitral Doppler velocity ratio of early to atrial wave (E/A ratio) were measured (n = 10 in WT saline group; n = 10 in WT Ang II group; n = 6 in HMGB1-Tg saline group; n = 6 in HMGB1-Tg Ang II group). As for ATM inhibitor experiments, the same parameters were also measured (n = 9 in WT vehicle group; n = 10 in WT Ang II + vehicle group; n = 6 in HMGB1-Tg Ang II + vehicle group; n = 6 in WT Ang II + KU55933 group; n = 6 in HMGB1-Tg Ang II + KU55933 group).

Cell culture and treatment {#sec1.4}
--------------------------

Primary culture of neonatal rat cardiomyocytes (NRCMs) was performed as previously described [@bib25], [@bib26]. HMGB1 small interfering ribonucleic acid (siHMGB1), pcDNA-HMGB1 were transfected into NRCMs by using Lipofectamine 3000 Reagent (Invitrogen, Carlsbad, California) according to the manufacturer's instructions. After serum starvation for 24 h, cardiomyocytes were stimulated with 1-μM Ang II for 24 h to induce cardiac hypertrophy, and samples were collected to perform each experiment. For ATM inhibitor experiments, cardiomyocytes were pretreated with KU55933 (10 μM) for 1 h before Ang II stimulation.

Statistical analysis {#sec1.5}
--------------------

Data are presented as the mean ± SE. Statistical significance was evaluated using unpaired Student *t* test with Welch correction for comparing 2 groups. Comparing ≥3 groups were done using 1-way analysis of variance. Post hoc pairwise comparisons were done using the Tukey-Kramer method. Correlation between 2 variables was examined by using Pearson's product moment correlation coefficient. Because CVF and BNP were not normally distributed, we used log~10~ CVF and log~10~ BNP values in the Pearson correlation analysis. A value of p *\<* 0.05 was considered statistically significant. All statistical analyses were performed using a standard statistical program package (JMP version 11, SAS Institute Inc., Cary, North Carolina).

Results {#sec2}
=======

Expression of HMGB1 in failing human hearts {#sec2.1}
-------------------------------------------

We investigated the expression of nuclear HMGB1, DNA damage, and DDR in failing and normal human hearts. Immunofluorescence demonstrated that nuclear HMGB1 expression was significantly decreased and p-ATM expression was significantly increased in failing hearts compared with that of normal hearts ([Figures 1A to 1C](#fig1){ref-type="fig"}). γ-H2AX is known as an early and sensitive marker of DNA damage [@bib27]. The expression of γ-H2AX was also significantly increased in failing hearts compared with those of normal hearts ([Supplemental Figures 1A to 1C](#appsec1){ref-type="sec"}). We evaluated the relationship among cardiomyocyte diameter, collagen volume fraction, serum BNP levels, and nuclear HMGB1 expression levels. A significant negative correlation was observed between nuclear HMGB1 levels and MyD, CVF, and BNP levels ([Figures 1D to 1F](#fig1){ref-type="fig"}).Figure 1Nuclear HMGB1 and p-ATM Expression in Failing Human Heart**(A to C)** Representative images and analysis of immunostaining of high-mobility group box 1 (HMGB1) **(green)**, phosphorylation of ataxia telangiectasia mutated (p-ATM) **(red)**, and DAPI **(blue)** in normal human hearts and failing human hearts. The number of HMGB1- and p-ATM--positive cardiomyocytes (CMs) per field was counted. Scale bars = 20 μm. Results are presented as the mean ± SE. (n = 5 per group). ∗p \< 0.05; ∗∗∗p \< 0.001. **(D to F)** Negative correlation between nuclear HMGB1-positive CM and cardiomyocyte diameter (MyD), collagen volume fraction (CVF), or serum brain natriuretic peptide (BNP) levels (n = 32).

The protective effect of nuclear HMGB1 on pathological cardiac remodeling induced by Ang II {#sec2.2}
-------------------------------------------------------------------------------------------

To investigate the potential role of nuclear HMGB1 in pathological cardiac remodeling, we subjected WT and HMGB1-Tg mice to Ang II infusion for 2 weeks. After Ang II infusion, WT mice exhibited significant increases in the IVSd and PWd, whereas HMGB1-Tg mice showed a reduction in hypertrophic changes. There were no significant differences in the LVDd, LVDs, and FS between WT and HMGB1-Tg mice. The E/A ratio was significantly decreased in WT mice after Ang II infusion whereas the E/A ratio of HMGB1-Tg mice was attenuated ([Table 1](#tbl1){ref-type="table"}, [Supplemental Figure 2](#appsec1){ref-type="sec"}).Table 1Echocardiographic Data of WT and HMGB1-Tg Mice Following Saline or Ang II InfusionWT Saline (n = 10)WT Ang II (n = 10)HMGB1-Tg Saline (n = 6)HMGB1-Tg Ang II (n = 6)LVDd, mm3.43 ± 0.113.35 ± 0.113.43 ± 0.113.47 ± 0.11LVDs, mm1.82 ± 0.081.86 ± 0.081.86 ± 0.081.89 ± 0.08IVSd, mm0.61 ± 0.031.03 ± 0.03[∗](#tbl1fnlowast){ref-type="table-fn"}0.66 ± 0.030.72 ± 0.03[†](#tbl1fndagger){ref-type="table-fn"}PWd, mm0.71 ± 0.031.02 ± 0.03[∗](#tbl1fnlowast){ref-type="table-fn"}0.71 ± 0.030.77 ± 0.03[†](#tbl1fndagger){ref-type="table-fn"}FS, %47.0 ± 1.443.7 ± 1.445.8 ± 1.445.8 ± 1.4E/A ratio1.85 ± 0.051.11 ± 0.05[∗](#tbl1fnlowast){ref-type="table-fn"}1.80 ± 0.061.47 ± 0.06[†](#tbl1fndagger){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"}[^1][^2][^3][^4][^5]

There was no significant difference in blood pressure after Ang II infusion between WT and HMGB1-Tg mice ([Table 2](#tbl2){ref-type="table"}). Histological analysis with hematoxylin and eosin staining revealed that the cardiomyocyte hypertrophy induced by Ang II was significantly attenuated in the HMGB1-Tg mice compared with that of the WT mice ([Figures 2A and 2B](#fig2){ref-type="fig"}). Ang II infusion also resulted in an increase in the heart weight to tibial length (HW/TL) ratio in WT mice, whereas the increase in the HW/TL ratio was suppressed in HMGB1-Tg mice ([Figure 2C](#fig2){ref-type="fig"}). Masson's trichrome staining also demonstrated that HMGB1-Tg mice showed less fibrosis after Ang II infusion compared with that of WT mice ([Figures 2D and 2E](#fig2){ref-type="fig"}). These results suggest that cardiac nuclear HMGB1 protects against Ang II--induced pathological cardiac remodeling.Table 2Hemodynamic Data of WT and HMGB1-Tg Mice Following Saline or Ang II InfusionWT Saline (n = 14)WT Ang II (n = 10)HMGB1-Tg Saline (n = 15)HMGB1-Tg Ang II (n = 10)BW, g25.7 ± 0.627.1 ± 0.626.3 ± 0.626.8 ± 0.6Hemodynamic parameter HR, beats/min608 ± 17612 ± 20586 ± 16615 ± 20 SBP, mm Hg92 ± 3.3142 ± 3.9[∗](#tbl2fnlowast){ref-type="table-fn"}95 ± 3.2138 ± 3.9[†](#tbl2fndagger){ref-type="table-fn"} DBP, mm Hg36 ± 5.795 ± 6.8[‡](#tbl2fnddagger){ref-type="table-fn"}32 ± 5.569 ± 6.7[†](#tbl2fndagger){ref-type="table-fn"} MBP, mm Hg55 ± 4.6111 ± 5.5[∗](#tbl2fnlowast){ref-type="table-fn"}51 ± 4.592 ± 5.5[†](#tbl2fndagger){ref-type="table-fn"}[^6][^7][^8][^9][^10]Figure 2Cardiac Nuclear HMGB1 Protects Mice Against Ang II--Induced Cardiac Remodeling**(A, B)** Representative images and analysis of CM cross-sectional area from hematoxylin and eosin (H&E)--stained left ventricular sections in wild-type (WT) and HMGB1 transgenic (HMGB1-Tg) mice following saline or angiotensin II (Ang II) infusion. Scale bars = 20 μm. (n = 6 per group). **(C)** The ratio of heart weight to tibial length (HW/TL) in WT and HMGB1-Tg mice following saline or Ang II infusion (n = 10 per group). **(D, E)** Representative images and analysis of cardiac fibrosis area by Masson's trichrome staining in left ventricular sections in WT and HMGB1-Tg mice following saline or Ang II infusion. Scale bars = 50 μm. n = 5 in WT saline group; n = 4 in WT Ang II group; n = 5 in HMGB1-Tg saline group; n = 5 in HMGB1-Tg Ang II group. Results are presented as the mean ± SE. ∗∗p \< 0.01; ∗∗∗p \< 0.001. Abbreviations as in [Figure 1](#fig1){ref-type="fig"}.

The protective effect of cardiac nuclear HMGB1 on DNA damage and DDR in vivo {#sec2.3}
----------------------------------------------------------------------------

We next examined whether cardiac nuclear HMGB1 overexpression prevents DNA damage and DDR in vivo. Immunofluorescence revealed that nuclear γ-H2AX-positive cardiomyocytes was increased in WT mice, whereas HMGB1-Tg mice showed attenuated γ-H2AX expression after Ang II infusion ([Figures 3A and 3B](#fig3){ref-type="fig"}). Western blot analysis also showed that decreased γ-H2AX expression was observed in HMGB1-Tg mice compared with that of WT mice after Ang II infusion ([Figures 3C and 3D](#fig3){ref-type="fig"}). Ang II infusion resulted in a significant increase in the p-ATM positive cardiomyocytes in WT mice, whereas HMGB1-Tg mice showed less p-ATM positive cardiomyocytes ([Figures 3E and 3F](#fig3){ref-type="fig"}). Western blot analysis showed that p-ATM was significantly lower in HMGB1-Tg mice compared with that of WT mice after Ang II infusion ([Figures 3G and 3H](#fig3){ref-type="fig"}). These data suggest that cardiac nuclear HMGB1 protects against Ang II--induced DNA damage and DDR.Figure 3Cardiac Nuclear HMGB1 Prevents Ang II--Induced DNA Damage and the DDR in Mice**(A, B)** Representative images and analysis of immunostaining of γ-H2AX **(green)**, α-actinin **(red)**, and DAPI **(blue)** in saline- or Ang II--treated WT and HMGB1-Tg mice. The number of γ-H2AX--positive CMs per field was counted. Scale bars = 50 μm. n = 6 in WT saline group; n = 6 in WT Ang II group; n = 6 in HMGB1-Tg saline group; n = 4 in HMGB1-Tg Ang II group. **(C, D)** Representative images and analysis of Western blots of γ-H2AX and β-tubulin from hearts of WT and HMGB1-Tg mice following saline or Ang II infusion (n = 5 per group). **(E, F)** Representative images and analysis of immunostaining of p-ATM **(red)**, α-actinin **(green)**, and DAPI **(blue)** in saline- or Ang II--treated WT and HMGB1-Tg mice. The number of p-ATM--positive CMs per field was counted. Scale bars = 50 μm. n = 6 in WT saline group; n = 7 in WT Ang II group; n = 5 in HMGB1-Tg saline group; n = 6 in HMGB1-Tg Ang II group. **(G, H)** Representative images and analysis of Western blots of p-ATM and total ATM from hearts of WT and HMGB1-Tg mice following saline or Ang II infusion (n = 6 per group). Results are presented as the mean ± SE. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001. DDR = deoxyribonucleic acid damage response; DNA = deoxyribonucleic acid; Other abbreviations as in [Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}.

Impact of nuclear HMGB1 on hypertrophic response induced by Ang II in vitro {#sec2.4}
---------------------------------------------------------------------------

We examined the effect of HMGB1 on the hypertrophic response in cultured NRCMs. Immunostaining of NRCMs for α-actinin indicated that HMGB1 overexpression significantly attenuated the increase in cardiomyocyte hypertrophy induced by Ang II ([Supplemental Figures 3A and 3B](#appsec1){ref-type="sec"}). In contrast, HMGB1 knockdown promoted the hypertrophic growth of cardiomyocytes in response to Ang II ([Supplemental Figures 3C and 3D](#appsec1){ref-type="sec"}). These data indicated that cardiac nuclear HMGB1 prevents cardiomyocyte hypertrophy in response to Ang II stimulation.

The protective effect of cardiac nuclear HMGB1 on DNA damage and DDR in vitro {#sec2.5}
-----------------------------------------------------------------------------

We determined whether HMGB1 regulates DNA damage and the DDR in NRCMs after Ang II stimulation. Bimodal upregulation of p-ATM and γ-H2AX were observed 2 and 24 h after Ang II stimulation in NRCMs. In contrast, nuclear HMGB1 expression was decreased 1 and 24 h after Ang II stimulation in NRCMs ([Supplemental Figure 4](#appsec1){ref-type="sec"}). HMGB1 overexpression resulted in a significant decrease in the number of nuclear γ-H2AX foci ([Figures 4A and 4B](#fig4){ref-type="fig"}). Western blot analysis showed that γ-H2AX expression was attenuated in HMGB1 overexpression NRCMs ([Figures 4C and 4D](#fig4){ref-type="fig"}). HMGB1 overexpression also decreased the number of nuclear p-ATM foci induced by Ang II stimulation ([Figures 4E and 4F](#fig4){ref-type="fig"}). Western blot analysis demonstrated that p-ATM was also attenuated in HMGB1 overexpression NRCMs ([Figures 4G and 4H](#fig4){ref-type="fig"}).Figure 4Effect of HMGB1 Overexpression on DNA Damage and DDR After Ang II Stimulation**(A, B)** Representative images and analysis of immunostaining of nuclear foci of γ-H2AX **(green)**, α-actinin **(red)**, and DAPI **(blue)** of neonatal rat CMs (NRCMs) transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 24 h. The foci number of γ-H2AX per NRCM was counted. Scale bars = 20 μm. n = 6 per group. **(C, D)** Representative images and analysis of Western blots of γ-H2AX. NRCMs transfected with pcDNA-HMGB1 or control saline and then treated with vehicle or Ang II for 24 h (n = 5 per group). **(E, F)** Representative images and analysis of immunostaining of nuclear foci of p-ATM **(red)**, α-actinin **(green)**, and DAPI **(blue)** of NRCMs transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 24 h. The foci number of p-ATM per NRCM was counted. Scale bars = 20 μm. n = 5 in control vector saline group; n = 5 in control vector Ang II group; n = 4 in pcDNA-HMGB1 saline group; n = 5 in pcDNA-HMGB1 Ang II group. **(G, H)** Representative images and analysis of Western blots of p-ATM and total ATM. NRCMs transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 24 h (n = 4 per group). ∗∗p \< 0.01; ∗∗∗p \< 0.001. Abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}.

In contrast, HMGB1 knockdown significantly increased the number of nuclear γ-H2AX foci in NRCMs after Ang II stimulation ([Figures 5A and 5B](#fig5){ref-type="fig"}). Western blot analysis also revealed that γ-H2AX expression was further enhanced in HMGB1 knockdown NRCMs after Ang II stimulation ([Figures 5C and 5D](#fig5){ref-type="fig"}). HMGB1 knockdown significantly increased the number of nuclear p-ATM foci in NRCMs ([Figures 5E and 5F](#fig5){ref-type="fig"}), and p-ATM expression was enhanced in HMGB1 knockdown NRCMs after Ang II stimulation ([Figures 5G and 5H](#fig5){ref-type="fig"}). These data suggested that nuclear HMGB1 regulates Ang II--induced DNA damage and the DDR in vitro.Figure 5Effect of HMGB1 Suppression on DNA Damage and DDR After Ang II Stimulation**(A, B)** Representative images and analysis of immunostaining of nuclear foci of γ-H2AX **(green)**, α-actinin **(red)**, and DAPI **(blue)** of NRCMs transfected with small interfering HMGB1 (siHMGB1) or nonspecific control small interfering ribonucleic acid (siRNA) and then treated with saline or Ang II for 24 h. The foci number of γ-H2AX per NRCM was counted. Scale bars = 20 μm. n = 6 in scramble saline group; n = 6 in scramble Ang II group; n = 5 in siHMGB1 saline group; n = 6 in siHMGB1 Ang II group. **(C, D)** Representative images and analysis of Western blots of γ-H2AX. NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated with saline or Ang II for 24 h (n = 6 per group). **(E, F)** Representative images and analysis of immunostaining of nuclear foci of p-ATM **(red)**, α-actinin **(green)**, and DAPI **(blue)** of NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated with saline or Ang II for 24 h. The foci number of p-ATM per NRCM was counted. Scale bars = 20 μm. n = 5 in scramble saline group; n = 4 in scramble Ang II group; n = 5 in siHMGB1 saline group; n = 4 in siHMGB1 Ang II group. **(G, H)** Representative images and analysis of Western blots of p-ATM and total ATM. NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated with saline or Ang II for 24 h (n = 3 per group). Results are presented as the mean ± SE. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001. Abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [4](#fig4){ref-type="fig"}.

The impact of HMGB1 and ATM on Ang II--induced cardiac hypertrophic response {#sec2.6}
----------------------------------------------------------------------------

To investigate further mechanisms by which HMGB1 and DDR are involved in Ang II--induced hypertrophic response, the association between HMGB1 and ATM was examined by immunoprecipitation experiments. Immunoprecipitation revealed a potential interaction between HMGB1 and ATM in NRCMs ([Supplemental Figures 5A and 5B](#appsec1){ref-type="sec"}). In addition, Ang II stimulation decreased the interaction between HMGB1 and ATM ([Supplemental Figure 5C](#appsec1){ref-type="sec"}).

Next, we analyzed the effect of HMGB1 on activation of the hypertrophic signaling pathway. HMGB1 overexpression significantly attenuated the phosphorylation of ERK1/2 and nuclear factor kappa B (NF-κB) induced by Ang II in NRCMs ([Figures 6A and 6B](#fig6){ref-type="fig"}). HMGB1 knockdown exhibited enhanced Ang II mediated activation of the ERK1/2 and NF-κB pathway ([Figures 6C and 6D](#fig6){ref-type="fig"}). We examined the effect of ATM on hypertrophic signaling kinases in NRCMs using a specific ATM inhibitor KU55933. Ang II--induced phosphorylation of ERK1/2 and NF-κB was reduced by treatment with an ATM inhibitor in NRCMs ([Supplemental Figures 6A and 6B](#appsec1){ref-type="sec"}). Furthermore, the enhanced phosphorylation of ERK1/2 and NF-κB by Ang II stimulation in HMGB1 knockdown NRCMs was suppressed by treatment with an ATM inhibitor ([Figure 6E](#fig6){ref-type="fig"}). We also evaluated the impact of nuclear HMGB1 and ATM on fetal cardiac gene expression. Atrial natriuretic peptide (ANP) and BNP promoter activities were increased by Ang II stimulation in vitro ([Supplemental Figures 7A and 7B](#appsec1){ref-type="sec"}). HMGB1 knockdown exhibited enhanced ANP and BNP promoter activities induced by Ang II, which was abolished after pretreatment with ATM inhibitor ([Figures 6F and 6G](#fig6){ref-type="fig"}).Figure 6Effect of HMGB1 and ATM on Cardiac Hypertrophic Signaling**(A, B)** Representative images and analysis Western blots of phospho-extracellular signal-related kinase 1/2 (p-ERK1/2), total ERK1/2 (t-ERK1/2), phospho-nuclear factor kappa B (p-NF-κB), and total NF-κB (t-NF-κB) from NRCMs transfected with pcDNA-HMGB1 or control vector and then treated with saline or Ang II for 4 h (n = 6 per group). **(C, D)** Representative images and analysis of Western blots of p-ERK1/2, t-ERK1/2, p-NF-κB, and t-NF-κB from NRCMs transfected with siHMGB1 or nonspecific control siRNA and then treated with saline or Ang II for 4 h (n = 6 per group). **(E)** Representative Western blots of p-ERK1/2, t-ERK1/2, p-NF-κB, and t-NF-κB. NRCMs transfected with siHMGB1 or nonspecific control siRNA were pretreated with an ATM inhibitor (KU55933) or dimethyl sulfoxide (DMSO) for 1 h before Ang II stimulation, and then stimulated with saline or Ang II for 4 h. **(F, G)** Quantification of atrial natriuretic peptide (ANP) and BNP promoter activities. Rat H9C2 cells were pretreated with an ATM inhibitor (KU55933) or DMSO for 1 h before Ang II stimulation, and then stimulated with saline or Ang II for 24 h (n = 6 per group). Results are presented as the mean ± SE. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001. Abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}.

These results suggest that HMGB1 regulates Ang II--induced cardiac hypertrophy through inhibiting ATM activity.

The cardioprotective effect of pharmacological ATM inhibition for Ang II--induced pathological cardiac remodeling {#sec2.7}
-----------------------------------------------------------------------------------------------------------------

To evaluate the therapeutic potential of ATM inhibitor, we treated WT and HMGB1-Tg mice with either ATM inhibitor or vehicle after Ang II infusion for 2 weeks ([Figure 7A](#fig7){ref-type="fig"}). Pharmacological ATM inhibition demonstrated cardioprotective effect in WT mice and also provided synergic cardioprotective effect in HMGB1-Tg mice for Ang II--induced pathological cardiac remodeling. WT and HMGB1 mice treated with the ATM inhibitor exhibited significant decrease in the IVSd and PWd compared with that of WT and HMGB1-Tg mice treated with vehicle after Ang II infusion. Pharmacological ATM inhibition did not alter the LVDd, whereas the FS was slightly improved in WT mice with ATM inhibitor. The E/A ratio was significantly improved when WT and HMGB1-Tg mice were treated with the ATM inhibitor after Ang II infusion compared with that of WT and HMGB1-Tg mice treated with vehicle after Ang II infusion ([Table 3](#tbl3){ref-type="table"}, [Supplemental Figure 8](#appsec1){ref-type="sec"}). WT and HMGB1-Tg mice treated with the ATM inhibitor showed a lower HW/TL ratio than WT and HMGB1-Tg mice treated with vehicle after Ang II infusion ([Figure 7B](#fig7){ref-type="fig"}). ATM inhibitor treatment provided no significant effect on blood pressure ([Table 4](#tbl4){ref-type="table"}). Histological analysis demonstrated that both Ang II--induced cardiomyocyte hypertrophy and fibrosis were significantly attenuated when WT and HMGB1-Tg mice were treated with the ATM inhibitor after Ang II infusion compared with that of WT and HMGB1-Tg mice treated with vehicle after Ang II infusion ([Figures 7C to 7E](#fig7){ref-type="fig"}). These results suggest that pharmacological ATM inhibition preserves cardiac function and reduces cardiac hypertrophy and fibrosis after Ang II infusion.Figure 7Cardioprotective Effect of the ATM Inhibitor on Ang II--Induced Pathological Cardiac Remodeling**(A)** Timeline of Ang II infusion and ATM inhibitor (KU55933) or vehicle administration in mice. **(B)** The ratio of HW/TL in WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment (n = 8 in WT vehicle group; n = 8 in WT Ang II + vehicle group; n = 6 in HMGB1-Tg Ang II + vehicle group; n = 6 in WT Ang II + KU55933 group; n = 6 in HMGB1-Tg Ang II + KU55933 group). **(C)** Analysis of CM cross-sectional area by H&E staining in left ventricular sections in WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment (n = 10 in WT vehicle group; n = 10 in WT Ang II + vehicle group; n = 9 in HMGB1-Tg Ang II + vehicle group; n = 7 in WT Ang II + KU55933 group; n = 9 in HMGB1-Tg Ang II + KU55933 group). **(D)** Analysis of cardiac fibrosis by Masson's trichrome staining in left ventricular sections in WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment (n = 6 per group). **(E)** Representative images of CM cross-sectional area by H&E staining (Scale bars = 20 μm) and cardiac fibrosis by Masson's trichrome staining (Scale bars = 50 μm) in left ventricular sections in WT and HMGB1-Tg mice subjected to Ang II infusion and vehicle or ATM inhibitor (KU55933) treatment. Results are presented as the mean ± SE. ∗p \< 0.05; ∗∗p \< 0.01; ∗∗∗p \< 0.001. Abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}.Table 3Echocardiographic Data of WT and HMGB1-Tg Mice Subjected to Ang II Infusion and Vehicle or ATMi TreatmentWT Vehicle (n = 9)WT Ang II + Vehicle (n = 10)HMGB1-Tg Ang II + Vehicle (n = 6)WT Ang II + ATMi (n = 6)HMGB1-Tg Ang II + ATMi (n = 6)LVDd, mm3.15 ± 0.153.04 ± 0.143.36 ± 0.182.96 ± 0.183.32 ± 0.18LVDs, mm1.63 ± 0.111.76 ± 0.101.89 ± 0.131.40 ± 0.131.72 ± 0.13IVSd, mm0.74 ± 0.031.04 ± 0.03[∗](#tbl3fnlowast){ref-type="table-fn"}0.85 ± 0.04[†](#tbl3fndagger){ref-type="table-fn"}0.80 ± 0.04[‡](#tbl3fnddagger){ref-type="table-fn"}0.70 ± 0.05[‡](#tbl3fnddagger){ref-type="table-fn"}PWd, mm0.76 ± 0.031.00 ± 0.03[∗](#tbl3fnlowast){ref-type="table-fn"}0.88 ± 0.040.80 ± 0.04[†](#tbl3fndagger){ref-type="table-fn"}0.75 ± 0.04[‡](#tbl3fnddagger){ref-type="table-fn"}FS, %48.6 ± 1.642.5 ± 1.543.2 ± 2.052.3 ± 2.0[†](#tbl3fndagger){ref-type="table-fn"}48.6 ± 2.0E/A ratio1.84 ± 0.061.13 ± 0.06[∗](#tbl3fnlowast){ref-type="table-fn"}1.41 ± 0.07[§](#tbl3fnsection){ref-type="table-fn"}1.68 ± 0.07[‡](#tbl3fnddagger){ref-type="table-fn"}2.02 ± 0.07[‡](#tbl3fnddagger){ref-type="table-fn"}[^11][^12][^13][^14][^15][^16]Table 4Hemodynamic Data of WT and HMGB1-Tg Mice Subjected to Ang II Infusion and Vehicle or ATMi TreatmentWT Vehicle (n = 15)WT Ang II + Vehicle (n = 12)HMGB1-Tg Ang II + Vehicle (n = 11)WT Ang II + ATMi (n = 14)HMGB1-Tg Ang II + ATMi (n = 9)BW, g26.4 ± 0.726.9 ± 0.725.9 ± 0.925.9 ± 0.724.8 ± 0.9Hemodynamic parameter HR, beats/min601 ± 20582 ± 23600 ± 24619 ± 21573 ± 26 SBP, mm Hg93 ± 5138 ± 6[∗](#tbl4fnlowast){ref-type="table-fn"}141 ± 6[∗](#tbl4fnlowast){ref-type="table-fn"}138 ± 5[∗](#tbl4fnlowast){ref-type="table-fn"}147 ± 6[∗](#tbl4fnlowast){ref-type="table-fn"} DBP, mm Hg39 ± 787 ± 8[∗](#tbl4fnlowast){ref-type="table-fn"}71 ± 8[†](#tbl4fndagger){ref-type="table-fn"}71 ± 7[‡](#tbl4fnddagger){ref-type="table-fn"}81 ± 9[‡](#tbl4fnddagger){ref-type="table-fn"} MBP, mm Hg57 ± 6104 ± 7[∗](#tbl4fnlowast){ref-type="table-fn"}94 ± 7[‡](#tbl4fnddagger){ref-type="table-fn"}93 ± 6[‡](#tbl4fnddagger){ref-type="table-fn"}99 ± 8[‡](#tbl4fnddagger){ref-type="table-fn"}[^17][^18][^19][^20][^21]

Discussion {#sec3}
==========

Our study shows that nuclear HMGB1 expression was decreased and phosphorylation of ATM was increased in the failing human heart. Decreased nuclear HMGB1 expression in failing human hearts was associated with cardiomyocyte hypertrophy, fibrosis, and high serum BNP levels. Both in vivo and in vitro studies revealed that cardiac nuclear HMGB1 prevented Ang II--induced pathological cardiac hypertrophy through inhibition of the DDR pathway. Mechanistically, cardiac nuclear HMGB1 inhibited phosphorylation of ATM and subsequent activation of ERK 1/2 and NF-κB signaling. Moreover, a specific ATM inhibitor, KU55933, prevented Ang II--induced pathological cardiac remodeling. These results provide new insight into the pathogenesis of cardiac remodeling and therapeutic potential of HMGB1-DDR axis.

In the present study, we showed that cardiac nuclear HMGB1 plays a protective role in Ang II--induced cardiac hypertrophy, suggesting that cardiac nuclear HMGB1 is one of the key regulator of pathological cardiac remodeling. HMGB1 is a nonhistone nuclear protein and a member of the HMG protein superfamilies. HMGB1 is the most abundant HMG protein and has multiple functions both inside and outside of the cell. Extracellular HMGB1 acts as a DAMP, which causes various inflammatory and immune responses [@bib28]. Extracellular HMGB1 causes cardiac hypertrophy and worsens ischemia or reperfusion injury, myocardial inflammation, and fibrosis [@bib11], [@bib12], [@bib13]. Thus, several studies have demonstrated the role of extracellular HMGB1 in cardiac remodeling. However, the role of intracellular HMGB1, especially nuclear HMGB1, in cardiac remodeling is poorly defined. We previously reported that cardiac nuclear HMGB1 protected against pressure overload induced heart failure and doxorubicin-induced cardiomyopathy [@bib17], [@bib25]. The protective roles of nuclear HMGB1 are further supported by the findings that ablation of nuclear HMGB1 worsens acute pancreatitis, liver ischemia and reperfusion injury, and bacterial infection [@bib14], [@bib15], [@bib29]. Consistent with these studies, our results show the cardioprotective role of cardiac nuclear HMGB1 on pathological cardiac hypertrophy and fibrosis.

The present study showed that cardiac nuclear HMGB1 prevented cardiomyocytes against DNA damage and following DDR activation because HMGB1 prevented upregulation of γ-H2AX, a specific marker of DNA damage, and p-ATM. Intracellular HMGB1 has various functions such as DNA chaperone, DNA repair, chromosome guardian, autophagy sustainer, and protector from apoptotic cell death. Loss of nuclear HMGB1 caused decreased chromatin accessibility to repair DNA damage, resulted in nuclear catastrophe, and subsequent cell death [@bib14], [@bib15]. These studies indicate the role of nuclear HMGB1 as a defender against cellular DNA damage in several disease conditions. In the heart, significantly more DNA damage was observed in heart failure patients compared with that of normal-health control subjects [@bib19]. In the experimental model, DNA damage was also observed in a mouse model of myocardial infarction, which was associated with cell apoptosis [@bib30]. Excessive DNA damage causes phosphorylation of ATM, a key regulator of DDR, and contributes to several disease conditions, including heart failure. Phosphorylation of ATM was increased in end-stage failing human hearts, and prolonged mechanical unload by left ventricular assist device implantation decreased the expression of p-ATM in cardiomyocytes, which was associated with a reduction of cardiomyocyte cell size [@bib31]. In addition, a recent study demonstrated that DNA damage--induced ATM activation caused pressure overload induced heart failure in mice. Activation of ATM caused increases in inflammatory cytokines thorough NF-κB signaling. Those effects were rescued by ATM deletion, and the ATM deletion prevented heart failure progression in mice, suggesting a causative role for ATM in heart failure [@bib32]. These studies support the crucial role of ATM in cardiac hypertrophy. Our study also demonstrated that HMGB1 interacts with ATM, and Ang II stimulation weakened the interaction and subsequent ATM activation. These results suggest that ATM activation was mediated, at least in part, by HMGB1. Thus, ATM is one of the important target molecules of HMGB1 in pathological cardiac hypertrophy.

ATM has crucial roles in the development of pathological cardiac remodeling. However, it remains unclear whether pharmacological ATM inhibition protects against pathological cardiac remodeling. In the present study, we demonstrated for the first time that ATM inhibitor treatment offered a synergic cardioprotective effect in WT and HMGB1-Tg mice against Ang II--induced cardiac hypertrophy and fibrosis. In addition, ATM inhibitor treatment suppressed Ang II--induced ANP and BNP activation and phosphorylation of ERK1/2 and NF-κB in vitro. KU55933 is a potent and selective inhibitor of ATM and is developed as an anticancer therapy [@bib33]. In addition to being an anticancer therapy, KU55933 provided protective effect against oxidative damage, inflammation, and senescence [@bib34], [@bib35]. Furthermore, KU55933 attenuated doxorubicin-induced cardiac dysfunction [@bib36]. Several studies demonstrated that ERK1/2 is involved in pathological cardiomyocyte hypertrophy [@bib37], [@bib38]. DNA damage causes ATM dependent NF-κB activation, and NF-κB activation is reported to be associated with pathological cardiac remodeling [@bib39], [@bib40]. Our results indicate that ATM inhibition prevented Ang II--induced pathological cardiac remodeling by targeting ERK1/2 and NF-κB pathways. In the present study, KU55933 provides the synergistic cardioprotective effect for Ang II--induced pathological cardiac remodeling in HMGB1-Tg mice. This cardioprotective effect of KU55933 in HMGB1-Tg mice might be contributed to that DNA damage was also mediated by other mechanisms in addition to nuclear HMGB1 [@bib30], [@bib41], [@bib42], [@bib43], [@bib44]. The present study demonstrated for the first time, the involvement of the HMGB1-ATM axis in pathological cardiac remodeling, and provided potential therapeutic efficacy of targeting DDR inhibition.

Study limitations {#sec3.1}
-----------------

First, we did not evaluate the effect of loss of cardiac nuclear HMGB1 on pathological cardiac remodeling in vivo, although we evaluated those effect in vitro using siHMGB1. A previous study showed that specific deletion of HMGB1 in cardiomyocytes did not affect cardiac function at baseline [@bib45]. However, the effect of cardiomyocyte specific HMGB1 deletion under stress conditions is still unclear. Second, our study could not rule out the possible protective effect of ATM inhibitor KU55933 on other cell types in vivo, although we confirmed the cardiomyocyte-specific protective effect of KU55933 in vitro. A previous study revealed that fibroblast-specific ATM knockout mice attenuated doxorubicin-induced cardiotoxicity [@bib36]. Third, we have not evaluated the effect of extracellular HMGB1 in both in vivo and in vitro studies. Because extracellular HMGB1 acts as DAMPs and affects reparative immune responses [@bib9], [@bib10], extracellular HMGB1 may influence Ang II--induced pathological cardiac remodeling.

Conclusions {#sec4}
===========

Our study documents a novel mechanism by which cardiac nuclear HMGB1 attenuates Ang II--induced pathological cardiac remodeling through inhibition of ATM activation. Furthermore, targeting DDR treatment by using a novel selective ATM inhibitor KU55933 prevents Ang II--induced pathological cardiac remodeling. This work provides further evidence of critical role of cardiac nuclear HMGB1 in the development of pathological cardiac remodeling, and possibly the development of novel therapeutics for heart failure treatment.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Cardiac nuclear-specific HMGB1 overexpression in cardiomyocytes reduces left ventricular hypertrophy and remodeling after Ang II stimulation. Cardiac nuclear HMGB1 prevents cardiomyocyte DDR, which is associated with developing heart failure.**TRANSLATIONAL OUTLOOK:** Further research is needed to explore the therapeutic potential of nuclear HMGB1 and DDR axis for patients with heart failure.
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[^1]: Values are mean ± SE.

[^2]: Ang II = angiotensin II; E/A ratio = ratio of early to atrial wave; FS = fractional shortening; MGB1-Tg = cardiac-specific high-mobility group box 1 overexpression transgenic mice; IVSd = interventricular septum diameter; LVDd = left ventricular diastolic dimension; LVDs = left ventricular systolic dimension; PWd = posterior wall diameter; HWT = wild-type mice.

[^3]: p \< 0.001 versus WT saline mice.

[^4]: p \< 0.001 versus WT Ang II mice.

[^5]: p \< 0.01 versus HMGB1-Tg saline mice.

[^6]: Values are mean ± SE.

[^7]: BW = body weight; DBP = diastolic blood pressure; HR = heart rate; MBP = mean blood pressure; SBP = systolic blood pressure; other abbreviations as in [Table 1](#tbl1){ref-type="table"}.

[^8]: p \< 0.001 versus WT saline mice.

[^9]: p \< 0.001 versus HMGB1-Tg saline mice.

[^10]: p \< 0.01versus WT saline mice.

[^11]: Values are mean ± SE.

[^12]: ATMi = ataxia telangiectasia mutated inhibitor; other abbreviations as in [Table 1](#tbl1){ref-type="table"}.

[^13]: p \< 0.001 versus WT vehicle mice.

[^14]: p \< 0.01versus WT Ang II mice.

[^15]: p \< 0.001 versus WT Ang II mice.

[^16]: p \< 0.05versus WT Ang II mice.

[^17]: Values are mean ± SE.

[^18]: Abbreviations as in [Tables 1](#tbl1){ref-type="table"}, [2](#tbl2){ref-type="table"}, and [3](#tbl3){ref-type="table"}.

[^19]: p \< 0.001 versus WT vehicle mice.

[^20]: p \< 0.05 versus WT vehicle mice.

[^21]: p \< 0.01 versus WT vehicle mice.
